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Failure of brittle layers on polymeric substrates
from Vickers indentation
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A study is made of median crack evolution in brittle coatings subjected to sharp contacts. A model bilayer system consisting of a
glass plate bonded to a polycarbonate base, with a Vickers pyramid as indenter, is used to demonstrate the evolution in situ. The
cracks undergo a phase of stable downward growth with increasing load. Beyond the coating mid-plane, flexural stresses (coupled
with the local contact field) elongate and accelerate the median cracks through the plate to failure. Critical loads corresponding to
this failure state diminish with decreasing layer thickness until, at small thicknesses, failure occurs spontaneously at initiation.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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There are many examples of engineering and biome-
chanical bilayer systems consisting of hard and stiff
coatings or films on compliant substrates—laminated
windows, brittle coatings and films, teeth and dental
crowns, and shells [1–8]. Hard and stiff protective layers
offer effective stress shielding to an otherwise vulnerable
underlayer. But such layers also tend to be brittle and
therefore highly susceptible to fracture in concentrated
loading, especially to sharp contacts. Recently, there
has been a focus on the fracture of brittle layer systems
in blunt (Hertzian) contacts, in simulation of occlusal
contacts on dental crowns [9–13]. The two most promi-
nent fracture modes in such fields are cone and median
cracks [14]. Median cracks can be especially dangerous
as the indenter radius diminishes, because they can initi-
ate at small loads [15]. In contacts with a Vickers dia-
mond pyramid, such cracks become totally dominant,
and lead to the well-documented radial cracks that ap-
pear on the indented surfaces of flat monolithic ceramics
[14,16]. Median cracks initiate at low loads from shear-
driven microcrack-like flaws that generate within the
‘‘quasiplastic’’ hardness zone, and subsequently pene-
trate deep into the material as the load is increased
[17–19]. Once median cracks enter the far field remote
from the immediate indentation site the propagation
becomes relatively independent of indenter radius and
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geometry [20]. In bilayers, flexure of the brittle coating
can accelerate median cracks through the lower half of
the plate, taking the system to premature failure [21].

In this communication we describe the evolution of
median cracks in brittle layer coating systems beneath
sharp indenters. Some limited data have been obtained
previously for similar evolution using blunt indenters,
where competition from preceding cone cracks tends to
obscure the early stages of growth [20,22]. Here we use
a Vickers indenter, in single-cycle loading, where median
cracks constitute the sole fracture mode, from initiation
to failure. Experiments are conducted on an optically
transparent bilayer system—side-polished soda-lime
glass plates on a polycarbonate base support—so that
crack progress can be followed in situ during actual test-
ing [12]. We pay particular attention to critical condi-
tions to initiate the median cracks, and, especially, to
drive these cracks through the plate to failure. Explicit
if simplistic relations for defining the critical failure load
in terms of basic variables, notably layer thickness and
material toughness, are determined.

Model glass/polycarbonate bilayers were fabricated
as described in previous studies [12]. Soda-lime glass
plates of prescribed thicknesses d = 100 lm to 2.5 mm
were bonded to polycarbonate bases 12.5 mm thick with
a thin layer (�20 lm) of epoxy adhesive. Most glass top
and bottom surfaces were pre-etched to remove large
surface flaws, so that the cracks could be guaranteed
to initiate from the Vickers hardness zone. An exception
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was made on a select few glass plates, in which the
undersurfaces were abraded with grade 600 SiC grit to
test the possibility of competing lower-surface radial
cracks [12]. Side walls were polished to enable side view-
ing during testing.

The bonded bilayers were placed in a small test load-
ing fixture mounted onto the stage of a transmission
optical microscope, with the optical axis normal to the
specimen side walls. A basic screw system was used to
load the Vickers indenter, and a miniature load cell to
measure the applied load. The indenter was oriented
such that the impression diagonals were aligned parallel
and perpendicular to the specimen sides. In this way the
median crack length c below the indentation surface
could be measured as a function of monotonically
increasing Vickers load P for any given glass layer thick-
ness d [23]. Load was applied continually such that
failure occurred in �5 min.

A typical evolutionary sequence is shown in Figure
1, for a glass layer of thickness d = 1.5 mm. The photo-
graphs show only the upper portion of the glass plate. A
median crack in the plane of the figure is visible as the
subsurface-contained penny-like feature with interfer-
ence fringes. (A second, edge-on median crack is visible
along the contact axis.) The sequence is as follows: (a)
generation of a hemispherical quasiplastic zone (dark
shadow); (b) initiation of median cracks; (c) downward
and outward extension of the median cracks; (d) contin-
Figure 1. Side view sequence showing median crack evolution in soda-lime gl
to Vickers indentation: (a) P = 30 N, (b) P = 38 N, (c) P = 175 N, (d) P = 27
and ensuing plate failure in (f).
ued extension (as in monolithic glass); (e) pronounced
downward elongation of the median cracks as they ap-
proach the mid-section of the glass plate; (f) unstable
penetration through the lower half of the plate
thickness.

Figure 2 plots characteristic damage depth as a func-
tion of load for the case shown in Figure 1. It can be as-
sumed that the quasiplastic zone contains incipient
cracks of the same scale as the quasiplastic zone dimen-
sion a (unfilled symbols) [24]. At a threshold load
P � 40 N, median cracks pop in to well-defined penny
configurations of depth c (first arrow). Further increase
in load drives these cracks steadily downward toward
the lower portion of the plate (filled symbols). At load
P � 300 N, the cracks penetrate unstably through the
glass plate, to c = d = 1.5 mm (second arrow). Note that
the functional dependencies a(P) and c(P) of the data
are in accordance with the respective hardness (H) and
toughness (Kc) relations for sharp indentations [25]

H ¼ P=aa2 ð1aÞ
Kc ¼ vP=c3=2 ð1bÞ
i.e. a = (P/aH)1/2 and c = (vP/Kc)

2/3, with aH = 12.4
GPa and Kc/v = 12.6 MPa m1/2 adjusted to give best
fits. Eq. (1a) is based on the assumption of a size-
invariant hardness, and Eq. (1b) on the assumption of
a center-loaded penny crack. Although these relations
ass plate of thickness d = 1.5 mm on polycarbonate substrate subjected
2 N, (e) P = 307 N, (f) P = 308 N. Note median crack initiation in (b)
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Figure 2. Plot of Vickers plastic zone depth a (unfilled symbols) and
median crack depth c (filled symbols) as function of load P for glass
thickness d = 1.5 mm. Symbols are experimental data, lines are
analytical fits, arrows indicate instabilities.
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strictly pertain to monoliths, they appear to describe the
bilayer data in Figure 2 relatively well up to failure. (In
this context, note that the fitted value of Kc/v compares
with 11.9 MPa m1/2 from an earlier study of median
crack depth in monolithic soda-lime glass [14].) This
confirms that the influence of superimposed flexure is
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Figure 3. Plot of critical quasiplastic zone depth aI (unfilled symbols)
at initiation and median crack depth cF (filled symbols) at failure as
function of plate thickness d, for Vickers indentations on glass plates
bonded to polycarbonate base.

Figure 5. Side view showing failure in soda-lime glass plate of thickness d =
P = 90 N, for specimen with glass undersurface preabraded with SiC grit. An
initiated at bottom surface and merged with downward extending median cr
not felt strongly until the load is high and the cracks
enter the lower half of the plate.

To emphasize this last point, Figure 3 shows a plot of
the quasiplastic zone depth aI (unfilled symbols) at crack
initiation and median crack depth cF (filled symbols) at
failure for several bonded glass plates as a function of
glass thickness d. The mean dimension aI = 50 lm =
constant (horizontal line) fits the aI(d) data over the data
range, within the scatter, suggesting that initiation
events within the small quasiplastic zone are relatively
insensitive to thickness effects. The wide scatter in this
particular data set reflects the stochastical nature of
microcrack flaw generation within the quasiplastic zone.
The dimension cF is much more sensitive to d, and can
be adequately represented by the simple proportionality
relation cF � 0.5d over the data range (inclined line).
The threshold condition for median crack initiation,
exemplified by the crossover in the two lines, is apparent
in this plot [25].

Figure 4 is a corresponding plot of critical loads PI

for median crack initiation (unfilled symbols) and PF

for ensuing failure (filled symbols), as functions of plate
thicknesses d. Again, there is a relatively wide scatter in
the initiation condition, somewhat less in the failure
condition. The mean value PI � 30 N (horizontal line)
fits the PI(d) initiation data over the experimental range,
1 mm on polycarbonate substrate subjected to Vickers indentation at
upward-extending radial crack near-orthogonal to the viewing axis has
ack. Only glass layer and Vickers indenter (out of focus) are shown.
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Figure 4. Plot of critical loads PI for median crack initiation (unfilled
symbols) and PF for ensuing failure (filled symbols), as functions of
plate thicknesses d, for Vickers indentations on glass plates bonded to
polycarbonate base.
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within the scatter, independent of d. The PF(d) failure
data follow the relation PF/d3/2 = Kc/2

3/2v (inclined
line), obtained by substituting cF = d/2 into Eq. (1b).
For plates of thickness d > 300 lm approximately, fail-
ure occurs directly from stably propagating median
cracks. For d < 300 lm, failure occurs spontaneously
from the quasiplastic zones, without any stable crack
growth phase [26]. Note the higher loads required to
take the median cracks to failure at larger d in the
post-threshold region.

Figure 5 shows a special case in which a glass plate of
thickness d = 1 mm was preabraded at its undersurface
prior to bonding to the polycarbonate base. In this case
median cracks initiated first and began to spread down-
ward, in a similar manner to Figure 1. At P = 90 N a
radial crack initiated from the lower crack surface and
spread outward and upward, merging with a downward
extending near-coplanar median crack. In this case med-
ian–radial crack interaction is pronounced, highlighting
the complexity of failure when more than one mode is
present.

The present study has described median crack evolu-
tion in a model bilayer system consisting of a glass plate
bonded to a polycarbonate base, with a Vickers pyramid
as indenter. These results are expected to be quite gen-
eral for any kind of brittle coating subjected to sharp
contacts. At sufficiently large coating thickness, the
median crack initiates and grows stably downward
toward the plate mid-plane, at which point it becomes
dominated by flexure-induced tensile stresses and accel-
erates through the coating. Corresponding critical fail-
ure loads diminish with decreasing layer thickness. At
small coating thicknesses, crack instability coincides
with initiation, so failure can be spontaneous. Thus
the median failure mode can be highly deleterious in
brittle layer systems.

Some limitations in the current analysis should be
acknowledged. We have considered only monotonic
loading during the crack evolution from initiation to
failure. At no point in our experiments was the indenter
unloaded and reloaded. It is well documented that the
median cracks can expand in size on unloading, as the
constraining elastic component of the indentation field
is removed [27–29]. However, this expansion is predom-
inantly in the lateral direction, not downward, so the
depths measured here may be considered representative
of median cracks in general. It is implicit in Eqs. (1a)
and (1b) that H and Kc are size-invariant, a reasonable
approximation for homogenous brittle materials like
the silicate glass used here but subject to some depar-
tures for polycrystalline ceramics. Effects of slow crack
growth have not been considered—it is well known that
median/radial cracks can grow steadily with time in
moist environments, even after completion of the inden-
tation cycle [30]. Fatigue effects are much more
profound in multi-cyclic loading, where the quasiplastic
zone can expand dramatically by a mechanical fatigue
mechanism, greatly expanding the median cracks in all
dimensions [31], even with blunt indenters [32]. Never-
theless, the current results suffice to highlight the intrin-
sic instability in the median crack mode in thin plates on
compliant supports.
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